This focused review aims to reveal and illustrate some unique features of processes triggered by high-density energy applied to liquids and gas-liquid interfaces and to highlight a wide spectrum of their technological applications capable of producing various advantageous effects, ranging from nanosynthesis to biological and medical applications. Plasma, electric discharges, laser, and ultrasound power effects were selected as representative examples of high-density energy and liquid interactions, yet the available possibilities are not limited by these quite different types of power and thus the reader could extrapolate the outlined features and effects to other kinds of powerful impacts. The basic physical mechanisms are briefly reviewed with the aim to familiarize the readers with the potential capabilities of high-density energy processes in liquids. These will be of direct interest to researchers tasked with the development, optimization, and characterization of processes and highly reactive environments for highly controlled transformation of matter in abiotic and biological systems. It could also be highly useful for under-and post-graduate students specializing in the related fields and general physical audience involved in various plasma, materials, energy conversion, and other concurrent research activities. Published by AIP Publishing.
I. INTRODUCTION
Novel, sophisticatedly designed and fabricated nanoand metamaterials enable the development of advanced material platforms and metamaterial structures, forming the foundation upon which a large number of innovative technologies, from energy harvesting and storage devices, 2 miniaturized heat transfer devices, 3, 4 microelectronics, 5 thin film technology, 6 metamaterials, 7 space propulsion technology, 8, 9 and many others are built. Impressive results have recently been achieved in these fields, bringing science and technology close to the edge of the next technological revolution, propelled by the advances in nanofabrication technologies and the wide accessibility of information and big data to researchers globally. However, to realize the most ambitious goals, such as sustainable global food, water, and energy supply; deep space exploration; and extra-terrestrial colonization 10, 11 including Moon and Mars colonization 12 and global information access via material-enabled technologies, novel material platforms and sustainable, economical, and energy-efficient processes for their fabrication and assembly are required. Their development demands consolidated efforts from distinct fields of science and relies on emerging applications of immense complexity to reach new scientific and technological frontiers. However, mainstream technologies lack energy-and cost-efficiency to sustain the often extreme conditions needed for the synthesis of advanced materials, e.g., pressure of tens of GPa required for the synthesis of diamonds.
Thus, how to efficiently synthesize a unique, metastable material?
Strongly non-equilibrium, high energy processes rapidly deliver precise amounts of power to precursors in complex media to locally create a highly reactive environment under otherwise ambient conditions (e.g., room temperature and atmospheric pressure) and drive otherwise unattainable reactions for self-organized and self-driven material synthesis and activation with high degree of specificity and control. 13, 14 Indeed, when the process is realized within a very short period of time, such as that of a laser pulse or a very short spark-like discharge, strongly intensified nonequilibrium processes could be realized.
Evidently, such localization of extreme pressures, temperatures, and electric fields are particularly well-suited for the large-scale, energy-and cost-efficient, sustainable synthesis, and self-assembly of metastable materials, e.g., nanodiamonds and graphenes, and other unique and/or complex material structures. As an example, Fig. 1 shows a phase diagram of carbon, which depicts very high (as a rule, unattainable under steady-state experimental conditions) pressure and temperature levels required for the synthesis of diamonds. Indeed, the pressure levels of 10 GPa and temperatures of about 5000 K are required for the efficient synthesis of unique metastable carbonaceous materials. 15, 16 Extreme conditions are impractical and often unachievable without non-equilibrium processes Successful practical realization of the concept of highly energetic, non-equilibrium synthesis was recently demonstrated by synthesis of various nanoscale materials using nanosecond plasmas. Indeed, it is believed that the unique conditions of such powerful short processes allow for only those building blocks (e.g., atoms) that are necessary for the assembly of the desired material to be produced from the source material, and then rapidly delivered and incorporated into the final structure with high degree of organization and localization to minimize energy consumption and loss. Unlike conventional sequential incorporation of atoms, a process that is both time and energy-consuming, the process described here relies on rapid self-organization. Using an example of synthesis of nanostructured metal oxide materials under ambient air conditions, Fig. 2 illustrates the key requirements and considerations for synthesis driven by nonequilibrium processes. For instance, to attain material efficiency, atoms of oxygen and metal should be generated and incorporated at the exact proportions prescribed by the final material. One way to realize such stoichiometric generation of building blocks is by flowing a current between a pair of metallic electrodes in the oxygen atmosphere, where the electrodes and oxygen gas serve as a source of metal and oxygen atoms through evaporation and dissociation, respectively. The relative production of both types of atoms is controlled by fine-tuning the energy of the discharge, where increasing the current of the discharge can lead to highly efficient production of metal vapors with high degree of purity owing to its localization on the surface of the metal electrode in the form of hot spots. 17 Which phase is most suitable for creating extreme conditions using non-equilibrium processes?
The energy applied to solid surfaces result in efficient energy adsorption and material transformation and very dense material fluxes, yet many of the other key processes such as diffusion, heat exchange, and direct delivery of precursors to the growth/synthesis zones are slow. In contrast, in gas phase, many of the said processes, specifically delivery of precursors and diffusion, are quite fast yet relatively low density of precursor materials makes the entire process inefficient.
Complex liquids and carefully designed solutions containing the required precursors along with (potentially) catalysts and other auxiliary admixtures may provide an environment where the advantages of classic liquid-phase organic synthesis, e.g., availability of all reactive groups of the starting materials, can be combined with those of solidphase synthesis, reducing processing time and complexity, and being well-suited for combinatorial chemistry for the discovery of novel materials (Fig. 3) .
Dense yet fluent, liquids offer a suitable environment for an efficient synthesis of metastable materials.
Indeed, impressive potential of dense power-driven liquid-phase synthesis of nanostructures and metamaterials is reflected by a large number and rich diversity of recent examples in literature, e.g., synthesis of nanodiamonds by pulsed a Nd:YAG laser ablation (with a pulse width of 1.2 ms and a power density of 10 6 W Â cm À2 ) from a suspension of graphite powder in water; 18 blue luminescent silicon nanocrystals by ns pulsed laser ablation in water;
19,20 nanodiamonds by femtosecond laser irradiation of ethanol; 21 Cu@ZnO core-shell nanoparticles by spark discharges in liquid nitrogen; 22 surfactant-free electrostatically stabilized gold nanoparticles by plasma-induced liquid chemistry; 23 gold nanoparticle synthesis using an Ar-bubbled plasma setup; 24 and many others. 25, 26 Various types of energy were successfully applied to liquids to produce useful outcome. Plasma-liquid interactions are among the most promising, and numerous works examine and outline their major types. Saito et al. have examined a wide range of setups that can be used for generating plasmas at liquid interface, which can be classified based on the source used to generate power and the design of the electrodes used to deliver the energy to the discharge region. Using this logic, these setups can be broadly divided into discharges that occur between (i) two electrodes in gas phase; (ii) a metal electrode and the surface of the electrolyte in gas phase; (iii) an electrode and the electrolyte in liquid phase; and (iv) discharges that arise when microwave or When energy is applied to the surface of a solid, the energy is absorbed efficiently thus enabling the generation of very dense material fluxes, yet other critical processes, e.g., diffusion, heat transfer, and direct delivery of building blocks to the synthesis zone are slower. The gas phase is characterised by a high rate of delivery of precursors and diffusion, yet the lower density of the building blocks renders the process inefficient. Liquids may offer the balanced environment, with pre-set solutions of the precursors, catalysts, and other auxiliary substances.
radiofrequency energy is delivered into the liquid. These setups offer unique advantages for the synthesis of a variety of inorganic (e.g., Si-based), organic (e.g., C-based), and composite materials in a variety of solutions, including water in the absence of catalyst. 27 Beyond material synthesis, these processes can benefit biological and medical applications and catalysis, where they are used to potentiate antibacterial activity of small molecules, 28 introduce biologically and chemically active species into liquids, 29 and form thinly stratified selforganized patterns at plasma-liquid interface. 30, 31 These can be used to induce specific biological processes in cells (e.g., apoptosis in cancer cells), microorganisms (e.g., enhanced ethanol production by yeast), and plants and animals to increase disease resistance and yield in agriculture and aquaculture.
In addition to direct applications of dense power in the form of laser beam, plasma, or others effects to liquids, indirect involvement of liquid media in the synthesis process (in e.g., thermal furnaces or plasma reactors) also could be very advantageous. Some examples include the production of graphene using liquid precursor deposition technique 32 (Fig. 4) ; synthesis of carbon nanostructures for hard tissue engineering involving liquid-enabled stages; 33 and creation of hybrid carbon nanotube platforms for enzyme immobilization and protection involving liquid precursors. 34 Another example is shown in Fig. 5 , which illustrates the use of pure water as a processing media (which is typically a gas) to generate an arc discharge. In this example, plasma is generated by applying a direct current between a Cu anode shaped in the form of a nozzle, and an Hf cathode which is housed in a Cu rod. This system was used to degrade perfluorinated alkenes. One of the key advantages of this setup is that by using pure water in place of more expensive processing gases, it not only lowers the cost of device operation but also obviates the need for the hardware needed for gas supply and control. Another advantage stems from the fact that auxiliary water cooling becomes unnecessary with this device configuration. 35 In this focused review, we aim to demonstrate the unusual potential and a wide diversity of highly energetic processes in liquids and at the liquid-gas interfaces for various critically important applications ranging from synthesis of nanoscale and metamaterials, to the biological and medical applications. Unified by the similarity of physical and chemical processes in liquids, these techniques require examination in terms of their outcome, i.e., potential for the diverse applications.
The remainder of this paper is organized as follows. First, we will briefly introduce examples of unique processes in liquids, induced, and being sustained by the application of dense power to liquid-gas interfaces or directly to the liquids. Given the availability of several comprehensive review papers and perspectives that provide an in-depth account of individual physical processes in liquids and liquid-gas interfaces under the action of specific kinds of energy, we will focus on drawing similarities and highlighting key differences in physical processes that arise upon application of different types of power and govern their use in real-life processing of abiotic and living matter. Where necessary referring the reader to seminal works on these topics, we will illustrate specific applications and the key benefits that can be attained from using these processes; specifically focusing on plasma-liquid, laser-liquid, ultrasonic-liquid interactions, as well as electric breakdown in liquid media. Finally, Sec. IV will bring some thoughts on the future trends and current problems facing this rapidly developing technique.
II. UNIQUE FEATURES OF PHYSICAL PROCESSES AT LIQUID INTERFACES
A. Basic configurations and key physical processes Even when triggered by quite different kinds of power, processes in liquids, or at the gas-liquid interface often demonstrate striking similarity, involving a series of physical and chemical transformations which are virtually independent on the type of energy; these include liquid-gas transformation, ionization, dissociation, and so on. We will examine here several types of the power-liquid interactions, each of the including several sub-types, not too different by the inherent physics. Specifically, the four major setup configurations could be found in various technological applications:
• effect of plasma jet on the liquid surface (liquid-gas interface); • effect of laser beam on the liquid surface;
• effect of ultrasonic energy on liquid; and • discharges and electric currents in liquids.
This list does not cover all possible configurations which may use electron beams, ionizing radiation etc.
Importantly, these types of setup configurations and the corresponding types of power exposure are associated with several representative effects, not directly related to the types of power applied, namely (see Fig. 6) 1. Electrohydraulic shocks in liquids, caused by, e.g., strong electric currents; propagation of powerful light (laser) radiation; cavitational effects caused by strong ultrasonic power, etc.; 2. Electric breakdown caused by high voltage pulses applied between the two electrodes immersed in liquids; 3. Generation of free electrons and radicals by plasma jet, laser beam, or electric currents interacting with liquid; 4. Exotic excited states of molecules and atoms produced by, e.g., strong UV radiation; 5. And finally, a wide range of other processes and effects that are still not fully explored but apparently plays a significant role in the production of novel materials and treatment and activation of various solutions.
However, this list is essentially incomplete and many other effects and physico-chemical mechanisms have still not been identified and not understood in detail.
It should also be mentioned that the diagnostics of exotic excited states of molecules and atoms produced by, e.g., strong radiation or other powerful, short-pulse effects presents a complex problem and the direct observations, especially at the very beginning of the breakdown, are still a challenge. Theoretical approaches may be a key here to look closer into this processwhich ions are formed, how long can they exist, etc. 36 Figure 7 shows a graphical representation of the four above-mentioned main configurations, with the characteristic nature of the respective power-liquid interfaces. These are just representative examples, and the reader is encouraged to explore the rich diversity of possible variations in the dedicated high-quality comprehensive reviews; e.g., a review by Saito et al. which provides an excellent outline of liquidplasma configurations. 27 Hybrid configurations that utilize combinations of several types of energy are also possible. Importantly, synergistic effects could be found in such hybrid setups that are capable of producing unique structures, nano-and metamaterials, or demonstrate extremely high efficiency, productivity, and other remarkable features. As illustrated, combinations of ultrasonication and electrochemical processes, or laser and electrochemistry, or ultrasonication with laser may be implemented. Tables I and II list several elemental processes, the relevant outcomes, and hybrid schemes potentially capable of creating synergistic effects (i.e., effect arising between two or more agents, entities, factors, or substances that produces an effect greater than the sum of their individual effects); some of these schematics will be examined in this review. 37 Synergistic effects demonstrate experimentally proven capabilities in many fields ranging from medical applications, 38 activation and enhancing the action of antibiotics, 39 and targeted therapy, 40 to various technical and technological applications such as core-shell nanowire arrays for high energy and power density lithium-ion batteries, 41 fabrication of fatigue resistant graphene-based nanocomposite via synergistic interfacial interactions, 42 sophisticatedly designed nanoparticles for efficient photocatalytic hydrogen production, 37 and many others. Not aiming to a comprehensive review of the whole spectrum of synergistic effects that could be implemented in the energy-exposed liquids, we will illustrate the possible combinations and potential possibilities of the synergy-appropriate systems.
Synergy may be a key factor for breakthrough in the innovative material synthesis
It should be noted that numerous recently published original works and reviews discuss in great detail various specific features of physical processes under the action of highly dense power onto liquids. Belmonte et al. gives a comprehensive outline of the interaction of electric discharges with electrode surfaces in dielectric liquids, with the detailed typology of discharges, which are classified based on their electrical characteristics, liquids, and setup configurations. 43 Cheng et al. described in detail the processes during plasma electrolytic oxidation (PEO), including the mechanisms of internal sparking and the effect of electrolyte composition. 44 Kareem et al. have examined the application of glow discharge plasma electrolysis for nanoparticles synthesis. 45 Tochikubo et al. examined the liquid-phase reactions induced by atmospheric pressure glow discharge with a liquid electrode. 46 Synthesis of magnetic nanoparticles by atmospheric-pressure glow discharge plasma-assisted electrolysis was recently reviewed by Shirai et al. 47 Giridhar et al. have demonstrated the electrodeposition of nanocrystalline aluminum from ionic liquids. 48 Plasma-liquid and specifically microplasma-liquid interfaces were also outlined in several comprehensive reviews. Mariotti et al. have presented a detailed discussion on the processes in liquid under the microplasma, yet did not present many examples of applications for such systems for material synthesis. 49 Bruggeman et al. have also presented a detailed review on the processes at plasma-liquid interactions, with only a limited discussion of the examples of the use of these systems. 50 In contrast, 108 Specific processes were also addressed in specially devoted research works. For example, charge accumulation at the electrolyte-oxide interface during the plasma electrolytic oxidation was examined by Martin et al. 109 and Nomin e et al., 110 along with the high-frequency-induced cathodic breakdowns. 111 Other authors have studied, e.g., the statistics of plasma discharge parameters (Dunleavy et al. 112 ) and individual discharge cascades (Troughton et al. 113 ). Ghosh et al. have examined the generation of a direct-current, atmospheric-pressure microplasma at the surface of a liquid water microjet. 114 Another exciting example of the specific plasma-liquid interaction mechanism is the formation of a self-organized anode pattern on the surface of a liquid or metal anode. 115 Impressive features and promising possibilities of the adaptive and self-adaptive approaches based on selforganized mechanisms of plasma-liquids were recently demonstrated. 30, 116 It should be noted that complex physical processes are involved in self-organization and other self-driven effects. 3, 13, 117 Thus, the readers could find a wide range of literature on various aspects and specific processes involved and caused by quite different types of energy applied to liquids and gasliquid interfaces. In contrast, in this article, we will focus on the big picture approach to analyze the unifying features of the aforementioned processes and their applications, generalized by the application of highly dense energy exposures to liquid media and precursors.
Below, we will examine some processes and effects that are most attractive for the material treatment and activation, illustrate the rich spectrum of possibilities of these techniques in the effort to entice the reader to seek deeper understanding of the underlying physics.
B. Electrohydraulic shock (blast) in liquids
Electrohydraulic shocks are among the most interesting and promising processes that could be realized by exposing liquids to quite different kinds of energy, from electric discharges and laser pulses to even mechanical impacts; however, the physical pictures of the shock developing in the liquid feature quite similar behavior and hence demonstrate quite comparable potential for the material treatment, synthesis, and media activation. Figure 8 illustrates the development of the pulsed-spark electrohydraulic-discharge plasma in aqueous solutions containing sodium sulfate or potassium chloride. The energy is delivered in the form of a bipolar pulsed voltage of high magnitude and frequency by means of two rod-shaped electrodes separated by a several mm-wide gap. The application of the voltage triggers the transformation of the joule-heated water into steam, at which point the spark discharge is formed at the edge of the two electrodes. Owing to a very short length of individual pulses (2 ls at 10 kHz), the establishment of the process proceeds over a number of small spark discharges, as demonstrated by the evolution of the heat profile. Optical spectral measurements show that the process results in the formation of large quantities of reactive species, including H, OH, H 2 O 2 , O 3 , and O. While species such as H 2 O 2 will undergo further dissociation to H and O, the fractions of OH and O 3 do not change significantly over time of the processing. Apparently, an extremely reactive environment is formed under those conditions, satisfying the prerequisites for the synthesis of unique structures and obtaining very active liquid media.
Electrohydraulic shock by electric discharges in liquids
Moreover, the discharge-produced pressure could reach 1 MPa for the pulsed arc types of discharge, along with the strong UV generation. 119 In the case of high-voltage discharge, even stronger effects are produced. Indeed, a pulse voltage applied to the electrodes in an aqueous solution creates a plasma channel of very high conductivity, in which the pressure can reach several GPa when the resistance of the channel reaches its minimum. As a consequence, the channel expands rapidly, resulting in the formation of a cavity within the solution, and subsequently an ultrasound pulse of a significant magnitude. The extent of the cavity expansion depends on the characteristics of the power source used to ignite the discharge and those of the plasma channel. The ensuing collapse of the cavity results in another acoustic pulse. 120 The most recent studies have demonstrated the pressure levels reaching 10 MPa in the dielectric liquids for the discharge energy of about 1000 J. 122 One more important factor of the shock wave in liquid is the formation of a wide range of high-frequency oscillations at the megahertz levels. 121 Apparently, these oscillations are capable of effectively exciting and activation molecules and complexes in liquid solutions.
Important relations were obtained experimentally for the shock wave intensity as functions of the plasma channel length and energy deposited into the arc channel
where L a is the plasma channel length, mm; E pl is the energy deposited in the plasma breakdown, and Pm is the peak pressure in the shock wave. Apparently, quite high pressure levels exceeding 10 MPa demonstrate strong potential for various applications. Figure 9 illustrates the relationship between the peak current, plasma channel length, and shock wave.
Wire explosion by the action of very strong electric current pulses in a liquid media is also capable of producing the powerful electrohydraulic shocks. For the experiments in the mixture of water and glycerine and the energy released in the wire of about 1 kJ, the mean shock wave velocity reached 700 m/s, with the maximum shock wave pressures up to 50 MPa. 123 Usability of this method was proved by several researchers by demonstrating, e.g., the synthesis of CuO nanocrystals via pulsed wire explosion in liquid 124 and production of nanopowders by wire explosion in water. 128 The typical picture of the shock wave development after wire explosion in water is illustrated in Fig. 10 .
Laser-induced shock waves in liquids
The laser-induced shock (blast) waves represent the next important example of highly dense energy application that results in the very strong process conditions. Here, plasma is created as a result of direct ionization (as multiple photons are absorbed by the media simultaneously) or avalanche ionization (which relies on the frequent collisions between (quasi-)free electrons and the media). 125, 126 The characteristics of the liquid media, e.g., its ionization energy and chemical composition, and those of the incident laser beam, e.g., beam divergence, pulse, and wavelength will determine the minimum value of the radiant flux per a surface unit area required for the generation of plasma. The value of the threshold of the laser-induced breakdown in solutions can be estimated based on experimental observation of the emitted plasma, generation of bubbles in the liquid, and phenomenological analysis of the released shock waves. It should be noted that physically, the laser breakdown is also a plasmabased phenomenon, thus emphasizing the general physical nature on many processes that occur in liquids under the actions of various highly dense power exposures.
Among other important effects, self-focusing attracts a special attention due to enormous and still unclear potential intrinsic to many self-organized processes. Because of nonlinearity of refractive index in liquid media which acts as a focusing lens, self-focusing in the form of filamentation due to Kerr's effect may arise as radiation propagates in liquid, with the mechanism dependent on both the intensity of the electromagnetic radiation and the characteristics of the media through which it propagates. For small focusing angles and the radiation intensity I, the variation in the refractive index can be expressed as
where n 0 and n 2 denote wavelength-dependent linear and nonlinear refractive indices, respectively. The latter value is typically positive, leading to greater n in the regions with larger radiation intensity (e.g., center of the beam), thus producing a focusing density profile along the path of the beam. The energy of bubble produced by the laser pulse can be calculated using a classical Rayleigh's equation
where R max is the radius of the bubble at the point of maximum expansion, p 0 is the hydrostatic pressure, and p v is the vapor pressure inside the bubble; note that p v is the descriptive value that is determined by the specific media. 129, 130 Laser-induced breakdown of liquid column represents one more useful and physically interesting example of laserproduced shocks in liquids. In this case (see Fig. 11 ), the application of focused radiation onto a liquid micro-column produces a shock wave of much greater intensity than that produced in air, 130 thus revealing strong technological potential and interesting physical background of these effects.
Breakdowns in cryogenic liquids by laser pulses were investigated just recently. Surprisingly, the breakdowns in liquid helium have demonstrated a well-pronounced memory effect, which consists of a relatively long lasting (several seconds) increase in the likelihood that the next pulse will result in a breakdown. For the laser (Nd:Yag, 532-and 355-nm beams) pulse duration from 3 to 5 ns, there was a near 3Â drop in the minimum power required for the liquid breakdown. 131 Helium is a neutral, noble substance which cannot form any complexes and chemical compounds; however, the memory effect suggests the formation of long-living structures (presumably, the dimers which feature much lower ionization energy).
The blast waves could be produced by a laser or other energy pulses in the media of liquid particles suspended in a gas (aerosols). While not a true liquid media, such environments are very promising for a wide range of applications, from nanosynthesis 132 to cancer therapy by the activated liquid suspensions. 133, 134 The presence of liquid particles in the shock-carrying environment essentially changes the entire dynamics of the process.
The shock waves that can be produced in this complex environment of suspended particles can be broadly divided into four categories based on their structure. The first structure is produced as a result of the interactions between the particle and the beam when the incident radiation impacts the particle above the ideal focal spot. In the second type of breakdown, the incident beam impacts on a smaller number of particles at the upper breakdown point; whereas the opposite is the case for the third type of the breakdown, where a greater number of particles is impacted. In all of the aforementioned types, the evolution of the gas breakdown is associated with the occurrence of only two independent waves. In contrast, in the fourth (triple) type of breakdown, the breakdown is associated with one additional blast wave. 135 
C. Specific processes in liquids under the action of electric current
While electrohydraulic shocks encompass a spectrum of processes resulting in mechanical (pressure spikes and shock waves), thermodynamic (temperature spikes), and other auxiliary effects like UV radiation, the processes in liquids caused by the electric current below the "blast" threshold (i.e., those that do not cause discontinuity and cavitation in liquid media), but still strong enough to cause significant changes in the media, are of a special importance. Below, we will examine some representative processes and effects that will describe the complexity and usefulness of these processes for practical applications.
Electrochemical reactions in liquids interfacing the electrodes and glow discharge plasma
Early experimental investigations of the interactions between plasmas in the glow mode and liquids were conducted using an electrode, typically a conductive wire of copper, gold, platinum, or tungsten, suspended above the surface of the liquid. The second electrode of a greater area, e.g., a thin sheet of metal, mounted in the solution would complete the circuit, as depicted in Fig. 12(a) . The small diameter of the wire enables the electric field to be higher at that electrode. Figure 12 (b) shows typical current-voltage (I-V) characteristics of the above described setup.
The discharge is generated in the gas phase when a voltage, typically dc, is applied to the setup, where the plasma electrode can act as an anode or as a cathode in relation to the immersed electrode. The species produced by the plasma then interact with the liquid at the interface, with the extent of interactions defined by the volume of the plasma and the depth to which plasma species can penetrate into the solution. Heating, gas flow, and bombardment by energetic species often lead to evaporation, sputtering and spraying of the molecules from the interface, resulting in some quantity of the liquid media to be suspended in the gas phase, and as such be directly affected by the glow discharge, e.g., through ionization.
In the second typical embodiment of such a system, the plasma-generating electrode is brought into direct contact with the liquid phase, as depicted in Fig. 12(c) . Similar to the previous configuration, the plasma electrode can act as an anode or as a cathode. In the case of the former, the properties of the surface of the plasma-generating electrode play a less important role 137 compared to the properties of the liquid phase, particularly its conductivity. 138 Anodic discharges have been successfully demonstrated in solutions of different pH, from strongly alkaline (e.g., sodium hypophosphite 137 ) to more acidic (e.g., sodium chloride acidified with, e.g., HCl). To minimize evaporation, the solution is kept at C, although the temperature can rise during plasma treatment owing to resistive heating. A characteristic I-V curve for this type of plasma discharge is presented in Fig. 12(d) .
Chemical reactions that take place at the interface of an electrolyte solution and a metal electrode are relatively well understood and can be broadly divided into reduction reactions at the cathode and oxidation reactions at the anode, as shown in Figs. 13(a) and 13(b) for the example of water reduction and oxidation to produce H 2 and O 2 gas, respectively. In contrast, the interface of an electrolyte solution and a plasma electrode is extremely complex, and despite a long history, remains very poorly understood. Thus, a focus of recent research has been to understand the physicochemical processes in liquid media that are in contact with a plasma that contains electrons, ions, radicals, and photons, and in some cases supports the passage of electric current into the liquid. In particular, one of the unique features of plasma-liquid interactions is the possible generation of solvated electrons by the injection of gasphase electrons from the plasma into the liquid phase. Solvated electrons are extremely active species and (being the smallest possible anions) play a significant and sometimes a key role in the formation of active solutions, for water remediation and medical applications.
Solvated electrons at liquids interfacing the electrodes and glow discharge plasma
Owing to their unmatched reducing potential and yet-tobe-resolved structure, solvated electrons continue to attract significant research interest. Although solvated electrons are well known in radiation chemistry, the use of plasmas for their generation has not been widely explored due to their high reactivity and interfacial formation, which makes it exceedingly difficult to observe them. Indeed, their existence 2018) has often been inferred from the scavenging reactions in the solution bulk rather than direct observation.
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Plasma-liquid interface makes a differencePlasma electrons fully solvate in the bulk Recent experimental evidence has shown that electrons generated at a plasma-water interface fully solvate prior to engaging in chemical reaction at a rate very similar to that of solvated electrons generated by pulse radiolysis. 143 This was demonstrated using plasma formed at atmospheric pressure using argon as a processing gas. As shown in Fig. 14(a) , a laser probed the plasma-water interface in a reflecting geometry to spectroscopically characterize the solvated electrons which have a lifetime corresponding to only a depth of $10 nm. The formation of solvated electrons was confirmed by measuring their characteristic red absorbance.
This experiment showed that solvated electrons produced at the plasma-liquid interface were generated by a mechanism that is distinct from other approaches such as high energy radiation (e.g., X-ray, electron beam, etc.), offering the advantages of being simple and more economical. Furthermore, it may be more environmentally and human health-friendly, since it obviates the need for harmful radiation. Importantly, the resultant solution provides a highly reactive environment to study the behavior of the free electrons at the interface and near-surface regions. Indeed, the behavior of solvated electrons when subjected to the action of strong electric fields is not well-understood; however, evidence to date suggests an opportunity to control their concentration, spatio-temporal distribution, and penetration depth by controlling current density.
The processes at biological tissues and biofilms interfacing the plasma
The processes at the biological tissues and biofilms when in contact with relatively powerful plasma jets are of a critical importance for plasma-enabled medicine and biotechnology. These processes are relatively intense, with their application being protein denaturation via heating (about 50 C), as well relatively strong plasma effects and plasmadriven currents. 144, 145 Importantly, the processes (with the mass transfer, liquid heating, and generation of active species being the most important effects) at the plasma-tissue interface could be interpreted in the terms of plasma-liquid interaction. Similarly, a high degree of hydration of the microorganism biofilm (up to 85%À95% water) enables its modelling as a bulk liquid of semi-infinite depth.
142 Figure  15 illustrates the widest spectrum of reactions in the framework of the reaction-penetration model for mass transfer 2018) through the gas-liquid boundary, related to the biological tissues and biofilms. Importantly, for the bio-applications, the atmospheric plasma is sustained by highly energetic ($few eV) electrons. The biological effects of such plasmas are mediated by a wide range of highly reactive and moderately energetic species, e.g., chemical species in ground, excited, and metastable states, activated particles, and electromagnetic radiation (Շ6-8 eV). Where these species induce a range of chemical reactions in the cell, 30, 146 heat fluxes (with a gas temperature of 27-120 C) and electric fields may apply an additional physical force on these biological targets. 147 The transport of plasma agents from the interface into liquid is the most important process for the case being examined. In a relatively simple case, still considering the ongoing chemical reactions, the transport equation for the liquid bulk has the form:
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where C i,l is the concentration of the solute, e.g., a plasmagenerated reactive species, i, D i,l is its diffusion coefficient in the solvent, e.g., water, and R i,l is the rate of chemical reactions characteristic of the solute i in liquid l.
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However, plasma at the interface with media that features micro-and nano-scale irregularities produces very strong electric fields, which cannot be neglected; 148, 149 in this case, the space-charge electric field which arises from the presence of all charged species within the solution will affect the transport of the plasma-generated species. In this case, the transport equation should consider the diffusion and drift terms, thus significantly complicating the problem 142, 150 
where E is the electric field; z i and l i are the ion charge number and the mobility of the charged species, respectively; and N A and F are the Avogadro and the Faraday constant, respectively. A self-consistent electric field could be found by solving the Poisson equation. 151 Evidently, this system is too complex to be investigated experimentally in detail; moreover, at present, there are no means available to separate and study individually such a large number of interrelated reactions, caused and sustained by plasma, the electric field and current in liquids. In this case, modelling becomes the principal tool for revealing the key relations and factors, determining the effect of plasma and current onto tissues.
D. Ultrasound effects in liquids
While the exposure of liquids to powerful ultrasound energy, in general, results in the similar effects to that observed in laser and electrical breakdowns, i.e., producing the shock waves and high temperature spikes, it nevertheless has some distinguishing features and will be addressed in a separate section.
Extremely high pressure levels exceeding 1000 atm and predicted temperatures reaching 5000 K could be obtained in the collapsing acoustical bubbles, as illustrated in Fig. 16 . 152 In addition to powerful physical effects, the collapse leads to the generation of a range of reactive oxygen chemical species, e.g., hydroxyl radical and hydrogen peroxide, which drive sonochemical reactions. The nature and concentration of thus-formed chemical species are dependent on the pressure and temperature attained within the bubbles at the time of their collapse. From the chemical point of view, this system is also of a strong interest for the material treatment and activation, since tens of chemical reactions are possible inside a cavitation bubble. 152, 153 Even higher temperatures reaching 18 000 K for the acoustic power of about 20 W and frequency of about 200 kHz were obtained by numerical simulations, where the maximum pressure was estimated using the equation:
where T 0 is the temperature of the solution; c is the specific heat ratio; and R max and R min are the maximum and the minimum radii of the bubble at the beginning and the end points of its collapse, respectively. Assuming that the liquid media is an incompressible fluid of infinite depth, the temporal dynamics of this spherical bubble is expressed using the Rayleigh-Plesset equation.
152,157,158
Unprecedentedly strong conditions could be obtained in the ultrasound-created cavitation zone Importantly, for the material treatment and activation applications, high temperature and pressure levels could be FIG. 16 . Bubble radius and temperature and pressure inside a bubble as a function of time during the collapse phase of the bubble, for the conditions: ambient bubble radius-3 lm, frequency-500 kHz, acoustic amplitude-0.25 MPa, temperature-293 K, and static pressure-0.1 MPa. The horizontal axis is only for 0.6 ls. A maximum bubble temperature of about 4600 K and pressure of about 1400 atm (140 MPa) are achieved at the end of the collapse. In this figure, we preferred to present the pressure inside a bubble in atm rather than MPa to only present it on the same axis (secondary axis) with the bubble temperature. Reprinted from S. Merouani obtained by ultrasonic power in micro and nano-channels. 66 This effect could not be achieved by electric breakdown. Even for microchannels of 100 lm, a temperature estimate of 3100 K was obtained. 160 Application of microporous and nanoporous platforms in ultrasonicated liquid precursors is a promising approach enabling the synthesis of unique complex multi-material nanostructures such as metallic nanowires in nanoporous substrates. 66, 161 E. Self-organization, patterns formation, and adaptive plasma at liquid interfaces
Arising from an entropy minimum principle, selforganization is one of the principle drivers in the development of complex living and to some extent, non-living systems, where they acquire spatio-temporal or functional structures by means of intrinsic drivers. Albeit not to the same extent, self-organization plays a significant role in a number of physical systems, such as in the case of a glow discharge generated at atmospheric pressure, which forms self-organized stratified interface patterns.
Self-organizational processes at the gas-liquid interfaces were already mentioned in this work; here, we will address some exciting phenomena that relate to the plasma treatment and activation. Historically, plasma jet filamentation and self-organization into regular structures were discovered and observed many years ago. [162] [163] [164] A representative example of the filamented organized structure obtained in high-pressure gas discharge is shown in Fig. 17(a) , where the regular structure was obtained in helium discharge at the pressure of 122 hPa. Similar regular structures were obtained by simulation of self-organized growth of nanostructures from plasma [Figs. 17(b) and 17(c)].
Self-organization of regular structures on surfaces of liquids has many unique features and controls that are not available at the plasma-solid interfaces. Indeed, liquid surfaces are agile, they could easily and quickly change their physical and chemical characteristics, e.g., they could form a dense vapor atmosphere above the surface, and so on. As a result, the self-organized structures at the plasma-liquid interfaces feature impressive diversity and typology; they are movable, they can change easily in response to the change of the external conditions (e.g., pressure, temperature, composition, and many more), and what is most important, the selforganized structures at the plasma-liquid interfaces are selfadaptive; this means that the plasma pattern and plasma parameters adjust to the changes in the system, thus acquiring novel, unique features. 30, 115 Figure 18 illustrates the typical anode patterns with different water electrical conductivities. Importantly, self-organization (filamentation) requires a certain threshold current density, and cannot be reached at too low current levels.
Relatively strong current and relatively intense plasma are required to demonstrate self-organization Due to the above described advantages, as well as the ease with which such plasma can be ignited and sustained at atmospheric pressure, plasmas with self-organized stratified interface pattern have been attracting interest for a range of applications. 165 Figure 19 (a) depicts a representative experimental plasma generation setup which has been used to generate self-organized stratified patterns at the interface between the plasma and the liquid with high degree of definition. In this particular configuration, an anode is a thin foil of copper, which is fully immersed into the deionized water. A tungsten cathode is suspended above the surface of the liquid, and the discharge is ignited by applying the voltage across these electrodes. Figure 19 (b) depicts optical images of a variety of self-organized stratified patterns that could be attained using this system, including shapes of notable complexity that consist of confocal and radial lines of varying density, and structures with some degree of axial and radial symmetry. Figure 19(c) shows the corresponding I À V characteristics for a wide number of discharge patterns, suggesting that the entire spectrum of I À V characteristics can be split into four distinct stages: (I) low voltage and current, where a single-filament contracted discharge is produced; (II) the current and temperature increase, resulting in a heat radiation-supported discharge; (III) an intermediate stage, where the unstable discharge alternates between that produced under stages (II) and (IV); (IV) at the highest current, a stable multi-filament discharge is produced and organized into a wide variety of patterns. The ability of a plasma to self-adapt when it interfaces the liquid is one of the most prominent properties of this system. 116 While self-organization affects mostly the plasma stream structure, shape, and other similar characteristics in response to the external conditions (such as property of the liquid and of the environment), self-adaptation is a chain of processes that involve plasma-driven alterations of the liquid (chemical composition, temperature, electrical conductivity, pH and many more) and then change of the plasma parameters in response to those alterations; next, the plasma changes its properties in response to the liquid parameters. The self-adaptation process proceeds until a new, stable state is reached. A comprehensive review on the physical mechanisms and processes leading to self-organization at the stratified plasma-surface interface can be found elsewhere. 166 Thus, the adaptive plasma is able to adjust its composition to reach the optimal state through the interaction with the alternating environment. Next stage would be the actively adaptive plasma system (see the illustration of this concept in Fig. 20 ). This example is based on the use of cold atmospheric pressure plasma for the treatment of biological tissues, specifically inhibition of cancer cells; the choice is due to high complexity and cost of the first conceptual experiments and importance of cancer fighting problem.
This approach relies on the live feedback loop, whereby the biological responses of the plasma treated living organism are detected, and the plasma is adjusted accordingly in terms of its intensity and chemical composition to deliver the necessary therapeutic benefit, e.g., selective death of cancer cells. Besides, the control over the generation of reactive species or the interaction potential between plasmas and living targets could be achieved. Figure 20 (b) depicts the central concept of how plasma interactions with cells can lead to transitions between different plasma discharge modes, thus potentially enabling plasma self-adaptation in a sophisticated, non-linear mode. 167 Introduction of an active feedback into the system with a plasma-liquid interface ensures conceptually new level of adaptation, with a set of experimentally proven, unique results
F. Synergistic effects in energy-exposed liquids
To illustrate some promising capabilities of synergistic effects for the nano-and material fabrication under exposure of several types of energy, we will examine combinations 2 (laser plus ultrasound) and 4 (radiolysis) (see Table II ). As shown below, synergistic effects could produce unique structure or result in an extremely high efficiency of the process or could ensure other useful features. 37 Applications in medicine for anti-cancer therapy [168] [169] [170] and fabrication of drug loaded core-shell nanoparticles to inhibit cancer, 171 for antibacterial treatment using synergistic reactions between, e.g., silver nanoparticles with reagents, 172 and for the fabrication of various nanoparticles and complex nanosystes 39, 173 are among the characteristic examples. Synergistic effects are particularly strong and efficient at liquid interfaces Apparently, synergistic effects appear when more than one type of energy interfaces the liquid. Laser ablation of solids in solution has been recognized as a promising approach for the generation of nanoscale materials with a wide range of possible shapes and sizes, including fullerenes, nanoscale spheres, tubes, and rods (see references in Table I and herein). Sonochemistry is now a well-established technology, but apparently, several shortcomings are intrinsic to this method; most remarkable feature is inappropriateness for an efficient production of the precursor material capable of free-levitating in the liquid media.
The idea of obtaining a synergistic effect by application of laser ablation of a solid target to produce reagents in the liquid, and utilization of highly powerful cavitation effect caused by the intense ultrasonic power has been quite fruitful. Ultrasound-aided liquid laser ablation was successfully used to synthesis nanosheets of bismuth(III) oxide, in which case the use of the ultrasound field promoted the self-assembly of nanosheets, whereas in the absence of the ultrasound field, the process yielded primarily nanoparticles. Figure 21 provides possible mechanisms for the origin of the nanosheets. There is a strong potential to concomitantly apply these processes and arising extreme temperature and pressure conditions for the synthesis of other 2D-ordered nanostructures. It should be noted that Bi nanosheets were recently synthesized in the authors' lab (Belmonte et al.) via quite a different process, namely, by electric discharges in liquid nitrogen; thus, other mechanisms different from those described above may provide an efficient alternative for the self-assembly of nanosheets.
Radiolysis, i.e., application of ionizing radiation to dissociate and ionize molecules and atom in liquid, could also be used in combination with other electric-current based techniques such as electrochemistry, resulting in quite useful effects. As it was shown in Table II , this method was successfully applied to produce and modify various nanostructures such as nanotubes arrays, nanoparticles, and bimetallic nanoparticles by gamma-assisted radiolytic reduction via electrochemical anodization. Figure 22 illustrates the physical mechanisms involved in the transformation and selfassembly of core-shell nanoparticles in radiolytic reduction via electrochemical anodization.
Apparently, quite different functions of gamma-radiation and electrochemical anodization in this process ensure pronounced synergistic effects. Under a moderately low dose of gamma radiation, noble metal ions are first reduced to form the inner core of the core-shell structure. The noble ions are preferentially reduced because of the fast electron transfer to them from their less noble counterparts.
III. APPLICATIONS OF ENERGY-DRIVEN PROCESSES IN LIQUIDS
The above outlined effects and processes in liquids and at liquid interfaces under the action of various kinds of energy have demonstrated a very attractive, fundamental potential of this techniques for various applications. Here, we will outline some examples of successful applications of the processes in liquids and at gas-liquid interfaces for the material treatment and activation, with the main aim to illustrate the widest diversity and universal capabilities of this approach, which ensures strikingly different outcomes ranging from nanosynthesis to biological and medical applications.
A. Additive processes in liquids: Nucleation and growth
Here, we will start from the most common and promising application of processes in liquids, namely, the nucleation and growth of nano-and microstructures, from simplest nanodots to extremely complex hierarchical and multilayer metamaterials. 174 Nucleation is the first and often the key stage of the structure formation from gas or liquid phases. Film structure, quantum size pattern density, chirality of nanotubes, and many other critical parameters will be governed by the initial pattern and structure of nuclei, i.e., very small (near-critical) embryo. The number density of nucleus embryo is defined largely by the concentration of elemental particles (ions, atoms, and radicals) that form the nucleus. In general case, the critical (i.e., the smallest stable) size is defined by the competition of surface free energy and bulk Gibbs free energy of embryo (Fig. 23) . Once the critical embryo dimensions are reached, the conditions become conducive to the growth of the grain. On the other hand, when the dimensions of the grain are below the critical size, spontaneous annihilation of the embryo takes place owing to high surface free energy. For example, in the radio-frequency argon microplasma sustained on an aqueous solution of ethyl alcohol, carbon nanoparticle and nanotubes were synthesized with CH and C¼O complexes at a concentration above 5%. 175 The abundance of the reactant determined both the size and the concentration of the nanoparticles, where both were found to increase as the reactant concentration exceeded 10%. Since most of the plasma-forming excited species are consumed for the decomposition and activation of neutral precursors in the solution, the plasma should be intense enough to produce the supercritical density of active reactants capable to sustain continuous nucleation in the solution. 176 Plasma and plasma-generated electric current densities, i.e., power density in liquid precursor, are the triggers that overcome thresholds of nucleation How does the growth of complex structures proceeds in liquids under the action of electric current or other energy fluxes that ensure ionization, dissociation, and other types of reactant activation? The key mechanisms that manifest in all of these processes can be illustrated using an example of a discharge-driven electrolytic oxidation with alternating pulsed unipolar and bipolar regimes. When the oxidation takes place in a predominantly energetic penetrating discharge, a lower number of anions from the aluminate electrolyte are incorporated into the resulting thin film, the structure of which is pancake-like, with large internal pores. Indeed, the latter structure is common for solutions that contain a low or moderate concentration of electrolyte, in the absence of a negative pulse. Using a solution with a higher concentration of NaAlO 2 enabled the rapid deposition of thin films with a significantly greater integration of anions under sintering arc and soft sparking conditions.
The mechanism of deposition of films with large micropores, e.g., at low concentration of the electrolyte, is supported by the experimental observation that every individual spark is encapsulated in a nonluminous gas bubble, 177 on the surface of which electrolyte anions may be located. The flow of electrons from the solution to the gas bubble initiates the discharge. However, it should be noted that free electrons may present themselves initially at the interface between the oxide and the solution irrespective of the presence of the gas bubble. High pressure and temperature within the discharge channel drive the chemical reactions between the chemical species in the electrolyte and the solid surface of the substrate, which lead to formation of new oxides.
In contrast, application of more concentrated electrolytes and the addition of a negative pulse have led to the formation of a film with higher level of homogeneity and greater thickness, and a significantly higher concentration of Al species. The negative pulse is thought to promote the formation of a soft sparking discharge, 178 typically linked to more rapid deposition of electrolyte species; a schematic of the process illustrating the soft sparkling and sintering arcs involved in the deposition is shown in Fig. 24 . 44 Spark under water triggers the formation of dense, quality structures
Very complex multilayer structures of the type of alternating layer-by-layer mesoporous structures could be formed in similar processes (Fig. 25) . Many future technologies, e.g., advanced electrocatalysis and thin film devices rely on material structures composed of alternating thin films of different metals owing to the enhanced performance characteristics that such materials can deliver. The synthesis of such structures using conventional methods, e.g., atomic layer deposition, is time consuming. On the other hand, such mesoporous structures can be formed using a combination approach, where micelle assembly in a dilute surfactant electrolyte is integrated with advanced layer-by-layer deposition. This approach allows for fabrication of complex multilayer hybrid thin films efficiently, as demonstrated by the fabrication of alternating platinum and palladium structures with well-defined mesopores. 179 Formation of bi-metallic mesoporous gold-platinum structure provides a good illustration for this technique. 181 Specifically, the formation of the structure is initiated with the formation of Au seeds following the reduction of Au ions, which occurs much faster compared to Pt due to the significant difference in the reduction potentials of these two metallic species. Next, the Au seeds become rapidly overgrown by Pt shells, where their dendritic nanostructure is attributed to the presence of non-ionic surfactant. In addition to AuPt core-shell structures, AgPt, PdPt, and AuPdPt coreshell structures have been successfully produced using this approach. One of the key benefits of this method lies in the reduction of the quantity of expensive and scarce Pt needed for the synthesis. The method is amenable to fabricating of a broad variety of structures of various chemical make-up, structure, and functionality. 181 Traditionally used for simple coatings, electrolysis is capable of forming quite complex structures
B. Additive processes at plasma-liquid interfaces
While electric current is capable of producing sparks and sintering arcs directly in liquids, and could be used for the fabrication of various structures and complex material systems, the direct effect of plasma discharge onto the liquid surface presents itself as another attractive scheme for the sophisticated and highly controllable method for nanofabrication. As a characteristic example, the fabrication of "ideal" metallic (gold and silver) nanoparticles by microplasmas interfacing the surface of liquid precursor could be discussed.
In this technique, a stable plasma discharge with a current of %1-10 mA is generated and sustained by applying a dc power. The discharge initiates a series of reductionoxidation reactions in the solution, leading to particle nucleation and subsequently, growth. The oxidation of the metal foil immersed in the electrolyte via electric current-driven oxidation leads to liberation of positively charged metal ions into the solution. 182 The pH of the solution and current density determines the rate of metal dissolution, with mildly acidic solutions and greater current densities generally associated with higher dissolution rates. This is followed by the migration of the positively charged metal ions in the direction of the cathode, driven by the potential gradient of the solution. Upon reaching the cathode, which is determined by the microplasma-liquid interface, metal ions are reduced to the oxidation state of zero by gaining electron, the latter being generated in the gas phase and accelerated towards the surface of the solution. The process allows for free nucleation, growth, and dispersion of metal particles within the solution, with stabilizers, such as fructose, used to prevent unwanted clustering of the particles by binding to their surface. 183 Figure 26(a) shows the high quality and uniformity of spherical crystalline silver nanoparticles produced using this approach. Transmission electron microscopy of these 10 nm particles indicate a lattice spacing of 0.20 nm, corresponding to the 200 crystalline plane of face-centered cubic Ag. Au particles of similar quality and size prepared using the same technique are shown in Fig. 26(b) . When the microplasma is used to reduce AgNO 3 in water, thus-produced 10 nm Ag particles are also crystalline, as depicted in Fig. 26(c) , whereas the reduction of HAuCl 4 solution results in 10 nm crystalline Au particles, as shown in Fig. 26(d) . These examples highlight the flexibility of this process. Complex structures could also be prepared using this approach; for example, high-quality platinum nanoparticles and carbon-supported platinum nanoparticles 54 can be produced through plasma reduction of H 2 PtCl 6 and carbon powder solutions. 184 A quite different type of plasma, namely, the atmospheric-pressure radio-frequency (RF) plasma jet interfacing the acid solution, could be used for the production of perfectly crystalline metallic nanoparticles. In these experiments, the two principal set-ups were investigated, differing in the orientation of the anode (i.e., horizontal vs vertical) and the distance separating the surface of the electrode and the plasma jet (Fig. 27, left panel) . The discharge was generated upon application of a direct current voltage (20 À 40 V) between the plasma-generating electrode and the anode. It should be noted that Fig. 27 shows a very common configuration for the atmospheric-pressure plasma jet, which includes a grounded and a powered electrodes, the latter 
021103-20
Levchenko et al. Appl. Phys. Rev. 5, 021103 (2018) encased in an insulating tube-form body. In this example, the power is generated using an RF supply and applied using a RF step-up transformer to maximize the power transfer.
The generation of an arc is mitigated by the use of a limiting resistor, which effectively limits the total discharge current. The processing gas used to sustain the plasma, typically Ar or He, is supplied at a flow rate of up to 1000 sccm. Figure 27 (a) (right panel) shows the morphology of the structure that develops at the fringes of the plasma-metal contact point, indicating lower level of porosity and a more regular rectangle-like shape of the pores, which were $1 lm in dimension. The relatively low level of porosity suggests that although the structure is similar to that of foam, not all pores may be interconnected. Figure 27 (b) (right panel) shows a representative depiction of the alumina nanoparticles located beyond the edges of the point where plasma comes into contact with the metal. Electron microscopy reveals the crystalline structure of thus-formed alumina nanoparticles, which are $50-100 nm in dimension. The propensity of these nanoparticles to agglomerate may be related to the effects of the electrical forces that may arise during the processing. Generation of sparks between the plasma and the surface of the solution (i.e., partial sparking) leads to the synthesis of 200-300 nm particles which cover the surface of the electrode with continuity similar to that of a film [ Fig. 27(c) ]. Unlike other particles, thus-formed particles do not clearly display crystalline facets, potentially as a result of localized melting brought about by rapid temperature increases in the micro-arcs. The surface of the electrode beneath the layer of the particles does not show any damage, suggesting that the particles were synthesized in arc spots and subsequently transferred to Al surface, driven by the acid flux and plasma stream. 56 Current density in liquid strongly influences the result, and the sparking essentially changes the outcome Figure 28 illustrates one more example of the efficient application of additive nanofabrication at plasma-liquid interfaces. In this case, the plasma-assisted electrolysis was used to produce nanoscale magnetite, i.e., nanosized magnetic particles which could find many useful applications. In 
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Levchenko et al. Appl. Phys. Rev. 5, 021103 (2018) conventional electrolysis conditions. When positive metal ions dissolve into the liquid phase, nano-sized metallic particles form at the surface of the solution as a result of interactions between the ions and plasma-generated electrons; alternatively, they may result from the impact of the plasmagenerated positive ion irradiation. Magnetic nanoparticles were produced by igniting the atmospheric-pressure plasma at the interface with the FeCl 2 aqueous solution; the voltage applied reached 5 kV, and the discharge voltage was about 500 V. The plasma was ignited in the direction of the gas flow (in this example, He). In order to control the chemical composition of the plasma-generated species, a shielding gas was flown around the plasma to limit the contamination of the plasma with the air. The particles were synthesized beneath the plasma cathode and collected using a permanent magnet. The magnetic nanoparticles were 200-300 nm in diameter, composed of magnetite Fe 3 O 4 . It is important to note that the plasma was an imperative prerequisite for the magnetite synthesis, since only Fe 2þ could be found in the FeCl 2 aqueous solution; then, Fe 2þ was oxidized to Fe 3þ at the liquid-plasma interface, thus enabling the synthesis of magnetic nanoparticles.
Plasma is an imperative prerequisite for the synthesis of nanoscaled magnetite
The liquid-plasma interface is evidently a complex, agile system with many degrees of freedom; naturally, the attempts to add one more degree of freedom to the system were made and were successful. Specifically, complex AuAg core-shell nanoparticles were fabricated by interfacing the atmospheric pressure micro-discharge with flowing liquid precursors. Figure 29 depicts one such continuous flow setup optimized for the production of Au-Ag core-shell particles, which comprises a microscale nozzle, which performs as an anode, and through which the solution, i.e., the flowing liquid cathode is passed at the rate of 3 mlÁmin
À1
. Argon is used as a processing gas to generate the plasma jet, at the constant gas flow rate of 120 sccm. The cathode is an aqueous solution of HAuCl 4 and potentially other additives. The distance of 5 mm separates the surface of the liquid cathode from the nozzle anode. The potential of 1200 V was supplied to both electrodes to initiate the discharge, which was then sustained at 45 mA discharge current. Gelatine was used to stabilize the AuNPs. 55 Adding one more degree of freedom to plasmaliquid interface was successful Application of ultrasonic energy to liquids could also be a powerful tool for nanosynthesis. Indeed, efficient nucleation and growth of gold nanowires in the nanoporous membrane realized by a powerful ultrasonic beam was recently demonstrated. 66 Interestingly, this technology actually combines two distinct processes, namely, the additive (growth) and subtractive (etching) techniques. Fast and uncomplicated, sonochemical synthesis can be performed at ambient temperature in the absence of a catalyst to produce desirable nanomaterials. For instance, ultrasonicating the nanoporous alumina membranes immersed in gold aqueous solution of HAuCl 4 by ultrasonic power with the density of 35 mWÁml À1 and the ultrasonic frequency of 213 kHz produced gold nanowires that were very thin and long, at $20 and 30 nm, respectively. The particles were crystalline in nature and were nucleated and grown within the pores of the anodic alumina membrane, suggesting a potential means for control over their size and distribution. On the surface of the membrane, the wires were organized in the form of a forest with high density.
The mechanism of nanowire formation begins with an etching of the pre-existing pores within the alumina membrane to form channels that are open on both sides of the membrane. These channels form a template within which particles nucleate and from which the growing wire is 
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Levchenko et al. Appl. Phys. Rev. 5, 021103 (2018) extruded via acoustic cavitation. The latter denotes the process whereby oscillating cavitational bubbles drive the growing wire out of the pores, thereby affecting their final thickness. This technique can evidently be used for the synthesis of other types of metal nanowires with high degree of control over their structure, dimension, and density. Such materials have a wide range of possible uses, including in nanoscale electronics, fluidics, and optics applications. Powerful ultrasonic energy, causing intense cavitation, also could promote the growth C. Subtractive processes at nanoscale: Nanoporous, sharp, and complex structures Above outlined additive nanosynthesis is not the only possible application of high density energy to liquids and liquid interfaces. Subtractive manufacturing at nanoscale, in liquids and liquid interfaces, could also be efficient in the fabrication of unique structures. In this case, no material aggregation or nucleation is used, but in contrast, a selective removal of the material under the action of various types of energy in liquids and at the liquid interfaces is utilized. Naturally, the typical examples of this technology will include the fabrication of various porous structures, sharp reaction-active edges with the activated dangling bonds, and similar systems.
We will consider here the two important examples, namely, the fabrication of ordered nanoporous alumina films which could be used as excellent fine filters, nanocapillary systems, and even nanoreactors for synthesis of unique structure without pre-set templates; and sharp porous structures. A typical example of the highly ordered structure, the anodic aluminum oxide membrane is shown in Fig. 30 . Interestingly, the two above-mentioned techniques were used to produce the highly ordered nanoporous membranes, namely, the electrolytic anodization of a thin (100 mm) aluminum foil and ultrasonic etching. The reason for this is the higher degree of controllability which the ultrasonication can provide. The characteristics of the ultrasonic oscillations, specifically their power density and frequency, were optimized to deliver the maximum rate of metal reduction, and concomitantly, to deliver rapid increases in temperature in excess of 1000 K, which spiked as a result of the collapse of cavitation bubbles. 57 Figure 30 (d) clearly shows excellent uniformity and definition of thus-produced straight channels, with the resultant membranes having exceedingly thin (approximately 5 nm) walls separating the nanopores.
Sharp structures were produced in the setup type 2, shown in Fig. 27 and described herein. As it was mentioned above, setup type 1 has produced fine, highly crystalline nanoparticles. The setup type 2 differed from type 1 by the plasma-liquid interface; interestingly, this completely changes the type of outcome. Indeed, as shown in Fig. 31 , the treatment resulted in uncommon membrane morphology. Electron microscopy and photoelectron spectroscopy studies revealed an extensively etched alumina membrane, with a very high degree of porosity. However, unlike the round regular pores that arise from typical anodization of the alumina 
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Levchenko et al. Appl. Phys. Rev. 5, 021103 (2018) foils, 66 the pores resulting from the direct contact of plasma and the surface of the alumina were irregular in shape with an approximate diameter of 1 lm and very sharp edges. Furthermore, they did not conform to the hexagonal pattern typically observed on the alumina templates, nor did they produce straight channels spanning the thickness of the membrane. Indeed, the resulting structure was more similar to that of foam, with a large number of pores separated by alumina walls of very low thickness. Potential applications for such material include those that require very high uptake of the material and/or subsequent protection of the absorbed material from the negative impact of the environment, e.g., protecting of the entrapped biocatalysts from interactions that can reduce their efficacy. 34 Type of plasma-liquid interface completely changes the outcome from additive type (fabrication of nanoparticles) to subtractive type (fabrication of sharp structure)
D. Bioactivation at plasma-liquid interfaces
Finally, we will consider an interesting example of the bio-activation of liquid media through exposure to an atmospheric plasma jet; interfacial phenomena also play a key role here. There is a large number of biomolecules that can have attractive biological properties, e.g., broad spectrum antibacterial activity; however, in many instances, it is not sufficient to deliver a sufficiently large reduction in the number of bacteria at the doses that are safe to humans or animals. This limits their applicability in many real-life applications. Plasmagenerated physical, e.g., UV, and chemical effects have the potential to induce desirable alterations in the chemical composition, structure, and such biochemical reactivity of these molecules. 185 For example, a single brief exposure of aqueous solutions containing a mildly antimicrobial terpinen-4-ol molecule significantly improved the efficacy of the solution against a common pathogenic microorganism (Fig. 32) . The attractive features of this approach include relative simplicity of the process and speed with which activation is attained. The properties of the plasma jet and the chemical composition of the solution will directly affect the outcomes. In this example, an atmospheric plasma jet 186 was produced using Ar and was capable of generating the maximum irradiance of 5 W/ cm 2 (within 260-360 nm range). 186 The jet was very stable; 58 it directly contacted the surface of the solution without inducing any significant change in the temperature of the solution upon treatment. 187 The exact nature of the chemical transformations that can take place upon exposure to plasma-produced mild heating, UV radiation, and reactive chemical species is not fully understood; 188, 189 however, the likely processes include to molecule activation, formation of isomers and oxides, dehydrogenation, synthesis of oligomeric and polymer-like structures, and potentially thermal re-arrangements. 190 Considering that any number of such reactions can take place, post-treatment, the resulting solution may be enriched with a range of biochemically active derivative molecules, reactive oxygen species, and oxidation ions. In the case of monoterpenes, such as that examined in this example, the chemical reaction pathway may being with 191 with the resulting radicals interacting with plasma-generated 
192 Next, the highly reactive peroxide can remove weakly bonded aH (ROO• þ RH ! ROOH þ R•) 31 as well as engage in a wide range of other reactions yielding a greater variety of relatively long-lived chemistries, e.g., 
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Most of the aforementioned chemical products can engage into interactions with the living cell, potentially increasing the desirable antibacterial effect.
IV. OUTLOOK AND PERSPECTIVES
The strong potential for and bright future of technologies resulting from non-equilibrium, highly energetic processes in liquids and at gas-liquid interfaces are quite apparent nowadays. This paper has outlined numerous examples of unique outcomes produced by energetic processes at interfaces, stressing some features that hardly could be achievable in other environments and processes. Further progress in this technique is expected, with the consolidated effort from physical, chemical, and materials science researchers.
However, researchers and engineers involved into the relevant studies and design projects still face substantial scientific and technological challenges. In general, the whole spectrum of the current problems could be subdivided to the two main groups, namely:
Understanding-What happens at interfaces? Skills-How to master this promising technique?
Indeed, plasma and other kinds of energy in liquids form very efficient configurations capable of generating various sophisticated materials and metamaterials of various shapes, chemical composition, structures, and sizes. However, simultaneous presence of the four states of matter makes the understanding of the physics rather challenging. Moreover, transient character and fugacity of many involved processes make their studies an extremely hard task that requires involvement of very complex equipment and procedures. A characteristic example are the attempts to look close into the processes in pulsed-laser synthesis of nanoparticles in liquid; simultaneous application of fast X-ray radiography, scanning small-angle X-ray scattering, and pulsed lasers was utilized to examine the details of these fasts, complicated, intertangled processes (Fig. 33) . Major progresses in the understanding of the related phenomena are achieved, but further progress is still needed to ensure better control over this technique.
Discharge ignition in liquids is still pending a clear description and better understanding. The lack of performant diagnostics capable of showing the transition from a liquid phase to a dense ionized gas is a major hindrance to an accurate model. The presence of molecules containing several atoms in liquefied rare gases is likely, owing to a very high pressure that prevails at the first stage of plasma formation. The dynamics of the volume is only roughly estimated, the interface between liquid and gas being too blurry. This medium is also far from equilibrium, optically thick and probably loaded in metallic species from the electrodes from the beginning of the process, which leads to a new difficulty: understand the interaction between the plasma and the electrodes.
Among other fundamental questions, the energy and matter transfer and interchange in the energetic processes in liquids and at the interfaces is still underexplored. Apparently, these processes are key drivers and routes for the nanosynthesis in liquids. However, the details of nanoparticle formation in liquids under action of, e.g., laser or discharge plasma is still not completely understood, and the main processes involved in, e.g., nucleation and growth in bubbles are still questions. Indeed, plasmas in liquids is able to generate a wide range of nanostructured shapes ranged from 1D nanodots to complex metamaterials, see numerous examples in the text of this review and cited herein. Apparently, it is critical to understand the underlying mechanisms to control the shape and composition of nanostructures. 194, 195 Material supply to the nucleation and growth zone is one more key process that is not completely clear, and thus the mechanisms underlying the electrode erosion could be critical to control the shape of growing nanostructures. Indeed, while experiments in liquid nitrogen generate 2D nanoparticles, same materials in water form spherical 1D nanoparticles, thus evidencing the key role of evaporation. Heating metallic electrodes above melting point may take a few hundreds of nanoseconds for most of metals, but metallic vapor appear well before this time lapse; 196, 197 electrode erosion through bursts of tiny protrusions crossed by intense currents may be responsible for the effect.
The evolution of gas bubble in liquid and the related processes are also far from the comprehensive understanding. A gas bubble is usually formed shortly after plasma ignition, and the mechanisms of nanostructure transfer from the gas bubble to liquid phase remains poorly understood, although it is of critical importance for the understanding of the final composition and microstructure of liquid-formed materials. It has been thought for long that nanostructures were transferred into the liquid at the beginning of the first bubble collapse; however, the nanostructures can be confined on the target surface in laser ablation, thus they agglomerate under the action of bubble collapse pressure. 193, 198 This could be of a particular interest for a pin-to-pin configuration FIG. 33 . How to look deeper into ultra-fast processes initiated by dense energy applied to liquids and liquid-gas interfaces? This is a non-trivial problem. Material distribution in the process of the ablation during pulsedlaser assisted nanoparticle generation in solutions is visualized using radiographic and scanning SAXS tracking enabled by a wide white X-ray beam and a monochromatic pencil beam, respectively. Reprinted under Creative Commons Att. 4 which implements almost "surface-less" conditions, and the agglomeration might be very different than in the case of laser ablation. Chemical composition of liquid-synthesized nanostructure is one more issue that demands closer studies. The use of highly energetic processes in liquids is extremely efficient for the generation of metastable materials; nevertheless, alloying just by using electrodes of different materials is not efficient. The use of micro-powder and the synergy of plasmas and laser appear to be very promising for alloying NPs. This approach deserves to be explored deeply for different systems of materials. It could also be of interest to form purely defined compounds far from equilibrium.
Synergistic effects of several types of energy could be one of the future ways of developments Towards individualized NPs analysis, polydispersity and extremely complex structure at nanoscale (like multilayer and core-shell compositions) of liquid-synthesized nanostructures and materials makes them complicated to characterize in terms of end-user properties. Therefore, it is often crucial to be able to individualize the analysis of nanostructures in terms of their properties. This is already possible for optical and catalytic properties. These diagnostics are of great interest to state on possible application of nanostructures and also to elucidate some peculiarities of nanoscale materials. [199] [200] [201] One more important aspect that warrants discussion is the non-equilibrium state of the media. Indeed, the nonequilibrium state in media excited by plasma or similar powerful effects could be quite short-living, with the nanosecond pulsed discharges in dielectric liquids coming to equilibrium after a couple of ns only (except in the case of hydrogen, where microseconds are needed). Thus, the question of the media being far from equilibrium is not that apparent, especially for the case of high pressure and high temperature media, where conditions are favorable for ultrafast processes relaxing to equilibrium. Hence, the non-equilibrium state should be estimated for every specific medium, environment, and type of excitation power; a model approach established by Griem or that by Fujimoto and McWhirter could be employed for this purpose. 202, 203 To conclude, we try here to formulate several high priority problems that follow from the above examination:
Ensuring better understanding of the fundamental processes involved in liquid-energy interactions, material and energy transfer in liquids, as well as nucleation and growth of nanostructures in liquids and at the interfaces; Development of detailed, experimentally proven models capable of predicting the outcomes and routes for complex techniques, that are difficult or impossible to implement under the existing experimental conditions; Developing innovative characterization techniques, capable of analyzing the properties of nano-, meta-, and complex hierarchical materials at various scales.
Further progress in the liquid-based materials treatment techniques could be ensured, taking these milestones into account.
V. CONCLUDING REMARKS
In this focused review, we have briefly outlined various aspects of material treatment and activation in liquids and at gas-liquid interfaces. Key physical effects, such as electrohydraulic shocks in liquids, laser-induced shock waves, electrochemical reactions in liquids interfacing the electrodes and glow discharge plasma, processes at liquids interfacing the biological tissues and biofilms, ultrasonic and synergistic effects in energy-exposed liquids, and some others were considered. Examples of practical realization were demonstrated, and the major challenges and problems were indicated.
